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The dynamic processes of magnetic reconnection and turbulence cause magnetic islands/flux-ropes
generation. The in-situ observations suggest that the coalescence or/and contraction of magnetic
islands are responsible to the charged particle acceleration (keV to MeV energy range). Numerical
simulations also support this acceleration mechanism. However, the most fundamental question
raise here is, does this mechanism contribute to the cosmic rays acceleration? To answer this, we
report, in-situ evidence of flux-ropes formation, their magnetic reconnection and its manifestation
as cosmic ray (GeV charged particle) acceleration in interplanetary counterpart of coronal mass
ejection(ICME). Further, we propose that cosmic ray (high and/or ultra-high energy) acceleration
by Fermi mechanism is valid not only through stochastic reflections of particles from the shock
boundaries but also through the boundaries of contracting magnetic islands or/and their merging via
magnetic re-connection. This has significant implications on cosmic ray origin and their acceleration
process.
PACS numbers:
INTRODUCTION
The origin of cosmic rays and its acceleration mecha-
nism is the most fundamental problem in cosmic ray re-
search. The relation between dimensions of particle con-
finement cavity and their energy (gyro-radius) indicate
cosmic ray source region in broad perspective e.g. helio-
sphere (Solar (including anomalous) cosmic ray), galaxy
(galactic cosmic ray), and outside galaxy (extragalac-
tic cosmic ray) etc. The present understanding of cos-
mic ray acceleration and the recent observations have
led to a search for sources within the spacial structures
e.g. the active galactic nuclei, supernovae remnants, neu-
tron stars etc. could be the possible sources of ultra
high energy galactic or extra-galactic cosmic rays. How-
ever, how these sources contribute to cosmic ray accel-
eration is poorly understood. Fermi first order (diffusive
shock) and second order (random collisions with interstel-
lar clouds with characteristic velocity) acceleration pro-
cess is considered as the primal cosmic ray acceleration
mechanism. Besides this, magnetic reconnection (strong
localized electric field) is also thought to be contributed
in cosmic ray acceleration [1].
Magnetic reconnection is a fundamental process which
rearranges the magnetic field-line configuration, i.e. pro-
duces magnetic islands/structures[2, 3]. Further, it is re-
sponsible for energy conversion in magnetized astrophys-
ical and laboratory plasmas and contributes in particle
acceleration [4–6].To understand the magnetic reconnec-
tion process and the corresponding particle acceleration,
researchers have hunted for magnetic structures in solar
corona and space. Recent numerical simulation suggest
that the magnetic islands originate from the dynamical
processes of magnetic reconnection and turbulence [7–9].
Moreover, observational studies also identified magnetic
island formation regions. The literature suggest that the
Sun is a natural generator of magnetic islands, e.g. CME.
The regular solar wind interaction produces small scale
magnetic islands as well. The occurrence of magnetic
islands also observed near helio-spheric current sheets,
magnetopause, Earths magnetotail etc. The magnetic re-
connection process of these small-scale islands/flux-ropes
give rise to an anti-reconnection electric field that can
accelerate charged particles and further leads to merging
or contraction of island. The particle acceleration is also
possible through the contraction of islands. The trapped
particles experience multiple reflections from the strongly
curved field of contracting island gaining energy during
each reflection via either Fermi first-order or second-order
mechanism [1, 10].The supporting evidences for particle
acceleration (from keV to MeV energy range) are ob-
served at various places in interplanetary space (where
the magnetic islands observed) [10–15]. The recent nu-
merical simulation based on this physical mechanism of
charged particle acceleration strongly support observa-
tions [11, 16–18]. However, does this physical mecha-
nism contribute in cosmic ray acceleration processes is
the fundamental question. Here we report, in-situ evi-
dence of flux-rope formation in turbulent ICME shock-
sheath, their reconnection signature and possible indica-
2tion of cosmic rays (GeV energy range) acceleration.
DATA
We have selected turbulent ICME shock-sheath [19–
21] which crossed the Advanced Composition Explorer
(ACE) satellite, Wind satellite and the Earth on Septem-
ber 24-25, 1998 for this study. To understand the spa-
tial properties of interplanetary space during the tran-
sit, we have used 1-minute time resolution OMNI data.
The OMNI data (time corrected to the Earth bow-shock
nose) includes total interplanetary magnetic field (IMF
BT ) and its three components (Bx, By, Bz) in GSE coor-
dinate system, solar wind speed, plasma beta, plasma
temperature and plasma density. We have also used
five minute time resolution neutron flux data taken from
the NMDB database (www.nmdb.eu) to investigate cos-
mic rays response to this ICME shock-sheath transit.
The cosmic ray data processing method used here are
briefly discussed in Raghav et al (2016) [22]. Generally, A
2D-hodogram analysis is widely used in magnetospheric
physics and express impressive visualization of rotating
IMF within the magnetic island events [10, 14]. The
observation of semicircle/circle arc in one of the planes
Bx − By or Bz − By or Bz − Bx during island crossing
manifest as rotation of IMF. However, we will not have
information of time evolution of rotating plane in 2D-
hodogram method. Therefore, 4D-hodogram method is
performed, in which 1 second time resolution ACE satel-
lite data (Bx, By & Bz in GSE coordinate system) is
used. Beside this, to cross verify the signature of mag-
netic reconnection of flux-ropes electron density, velocity
x-component (in GSE-coordinate system), electron flux
(5 kev and 20 keV) and ion flux (0.14 keV, 4 keV and 19
keV) data from Wind satellite are used.
OBSERVATIONS AND DISCUSSION
The variations of comic ray flux and interplanetary
parameter during the selected event is shown in Figure
(1). The ICME boundaries are defined using Richardson
& Cane (2010) [21] and presented as dashed blue verti-
cal lines. The ICME shock-sheath region is divided in 4
parts for better investigation using dashed magenta ver-
tical lines. Figure 2 shows 4 hodograms for all selected
regions of the Figure 1.
The sharp enhancement in total IMF BT and solar
wind suggest the onset of interplanetary shock-front at
the Earth’s Bow-shock nose. In region 1, random fluc-
tuations are seen in total IMF including all its compo-
nents. We have also observed sudden increase in plasma
temperature and density. Moreover, the top left panel
hodogram (for region 1) of Figure 2, shows fuzzy signa-
ture of semicircle but highly dominated by random fluc-
FIG. 1: ICME crossing event occurred on September 24-
25, 1998. The figure has four panels, top most panel shows
temporal variation of normalized neutron flux with their re-
spective band of rigidities. The 2nd panel show interplane-
tary magnetic field (BTotal and BX ,BY ,BZ-component). The
3rd panel from top illustrates solar wind speed and plasma
beta variations. The bottom panel depicts proton density and
plasma temperature variation.
Signature of 
reconnection
FIG. 2: The four 4D hodograms for selected ICME shock
sheath region. Each hodogram shows Bz − By as front plane
of 3D projection and Bx variations are shown as in-out direc-
tions. The temporal variations of event crossing is shown as
color-bar. The top left and right panel hodogram illustrate
region 1 and region 2 and the bottom left and right panel
hodograms depict region 3 and region 4 of Figure 1 respec-
tively.
3FIG. 3: IMF and Particle flux variation during ICME tran-
sit occurred on September 25, 1998. The figure has four pan-
els, top most panel shows temporal variation of interplanetary
magnetic field (BTotal and BX ,BY ,BZ-component). The 2
nd
panel show electron density and its velocity component in x di-
rection. The 3rd panel from top illustrates 5 keV and 20 keV
electron flux variation. The bottom panel depicts 0.14 keV, 4
keV and 19 keV ion flux variations.
tuations. These observations could be ascribed as the
residence of turbulence in shock-front. Compression and
plasma heating in shock-front could be the cause of this
observed turbulence.
In region 2, especially the faint red-brown shaded part
demonstrates clear rotation in Bz and By components
of IMF, however total IMF is gradually increasing and
then decreasing. The plasma temperature/density shows
decrease/increase, and solar wind shows steady varia-
tions during the transit of red-brown shaded region. The
top right panel hodogram (for region 2) in Figure 2,
shows explicit visualization of semicircle with varying
circle arc. This structure further continued in remain-
ing two hodograms (bottom left and right). These are
clear evidences of magnetic island/flux-rope formation in
shock sheath. It is important to note that the red-brown
shaded region is the only possible signature of flux-rope
is seen from Figure 1. However, 4D hodogram depicts
much better visualization of the flux-rope forming regions
and extend its boundaries to region 3. During region 3
transit, IMF B and its components remain steady and
IMF was mainly directed in Y-direction i.e dawn to dusk.
The solar wind speed, plasma beta and plasma density
show steady variations, only plasma temperature gradu-
ally decreases to ambient value. In region 4 specially blue
FIG. 4: The combined 4D hodograms for region 2 to 4 as
shown in Figure 1. The hodogram shows Bz − By as front
plane of 3D projection and temporal variations are shown as
in-out directions as well as color-bar. The sub-figure (A)
shows the blue top layer of semicircle of 4D hodogarm in
Bz −By plane. The magenta circle is simulated by assuming
[BZ = 23 ∗ sin(2pit/T ) ∗ rand()] and [BY = 23 ∗ cos(2pit/T ) ∗
rand()].
shaded region shows sharp transition in all IMF com-
ponents. The plasma density, plasma beta and cosmic
ray flux depict corresponding enhancement. Basically,
flux-rope of the shock-sheath region and ICME flux-rope
boundary lie in this region. The left bottom hodogram
(for region 3), shows sharp switch in the oscillating orien-
tation (check brown circle data) which further continued
in region 4. We have also noted similar oscillation trip-
ping at the onset of ICME flux-rope (in bottom right
hodogram for region 4). This could be the indication
of combination of two different flux-ropes (shock-sheath
and ICME) via magnetic reconnection. To support the
observed signature of magnetic reconnection electron and
ion flux data are investigated. Figure 3 shows temporal
variation of electron density, its velocity in x direction,
electron and ion flux from wind satellite. Moreover, all
studied parameters (except IMF which used for reference
between Figure 1 and 3) explicitly depicts enhancement
in pink shaded region of Figure 3. These observations
are clear indication of magnetic reconnection and corre-
sponding charged particle acceleration.
To understand origin and evolution of observed flux-
rope within shock-sheath, the complete overview of mag-
netic flux-ropes formed in shock-sheath region (from re-
gion 2 to 4 in Figure 1)) is presented as 4D hodogram in
4Figure 4. Initially, the arc length of circle is decreasing to
minimum and then again increasing with slowly contin-
uous oscillation of the arc-circle plane (see the circle arc
with different color, on-line only). Moreover, to estimate
the phase difference between BZ and BY , the top circle
arc layer is selected and shown as the sub-figure (A) in
Figure 4. The IMF components (BY &BZ) are simulated
using equations as [BZ = 23 ∗ sin(2pit/1600) ∗ rand()]
and [BY = 22 ∗ cos(2pit/1600) ∗ rand()]. Here, t varies
from 1 to 1600 and rand() is computer generated random
number which varies from 0 to 1. The simulated data is
presented as magenta circle in sub-figure (A). The sim-
ulated data is clearly fitted with the observed top circle
arc layer data. This proves that the BZ and BY are hav-
ing phase angle pi/2. Further, in region 2 of figure 1,
we have observed BZ and BY are rotating and finally
total IMF is oriented along the y-direction. Now, if we
assume toroid shape of flux-rope, in which BZ and BY
presents poloidal and toroidal field direction respectively
as shown in Figure 5 and the ACE spacecraft crossing di-
rection is not parallel to the axis of the flux-rope. Then
observations suggest that the different circle arc observed
in hodogram are the different layers of flux-rope. From
top to inside, at every layer, the poloidal component of
magnetic field slowly aligning with the toroidal compo-
nent. This can be seen as the oscillation of arc plane
in Figure 4. Finally BZ poloidal component reach to
its minimum whereas the total IMF of flux-rope is rep-
resented by toroidal component i.e. BY . This ascribed
that the plasma in shock-sheath region minimize their po-
tential energy. This physical process is known as plasma
relaxation (self-organization of a plasma) by magnetic re-
connection [25]. Figure 5 (artistic illustration) exhibits
the updated visualization of ICME propagation in in-
terplanetary space. The ICME flux-rope with turbulent
shock-sheath is the earlier hypothesis. In this work, we
advances this traditional hypothesis and demonstrate the
first in-situ evidence of flux-rope formation other than
ICME flux-rope in shock-sheath region. The flux-rope
could be originated from the interaction of ICME with
ambient solar wind or fragmentation of ICME flux-rope
due to solar wind interaction [10].
Beside this, the enhancement of cosmic rays flux (in
all observed energy band) is unambiguously observed in
red and blue shaded region of Figure 1. In addition,
in Figure 2, the top right hodogram shows the indica-
tion of rotating magnetic island formation and bottom
left hodogram demonstrates the signature of magnetic
reconnection during respective time. The enhancement
in red shaded region could be understood on the basis of
gradual decrease in toroidal and poloidal field strength
of flux-rope during corresponding period. Moreover, the
enhancement in charged particle flux is generally inter-
preted as the particle energization i.e. acceleration [14].
The simulation studies suggest that the particle accel-
eration is possible when particle gyro-radius is smaller
than the magnetic islands scale length [26]. That means
the accelerated particle energy range is depends on the
dimensions of magnetic island. In present case, the di-
mension of observed magnetic island is estimated approx-
imately 3 ∗ 107 km using the time duration of magnetic
island crossing and average solar wind speed. The esti-
mated dimension is much higher than the order of cosmic
ray (1-10 GeV energy range observed by neutron moni-
tors) gyro-radius. Therefore, the enhancement in cosmic
ray flux in red shaded region also could be the outcome
of acceleration through a stochastic repeated reflections
(first-order Fermi mechanism (in the case of compressible
contraction) or a second-order Fermi mechanism (if the
contraction is incompressible)) from contracting or merg-
ing flux-rope [10, 14]. However, enhancement in cosmic
ray flux in blue shaded region could be ascribed as ex-
plicit evidence of cosmic ray acceleration via magnetic
reconnection of shock-sheath flux-rope and ICME flux-
rope.
CONCLUSIONS
A charged particle acceleration via contraction and/or
merging of magnetic islands through magnetic reconnec-
tion is observationally evident in keV to MeV energy
range and strongly supported by numerical simulations.
The present work extend this accelerating process to GeV
energy range charged particles i.e. cosmic rays. On the
basis of dimensional argument including field strength
inside the magnetic island and the particle energy, we
propose that the same processes should contribute sig-
nificantly in high energy and/or ultra-high energy cos-
mic ray acceleration. This further imply that not only
the active core region but also transient disturbances in
the spatially extended region of active core-region are re-
sponsible for cosmic ray acceleration. For example, after
supernova expansion, the hot thermal material generates
shocks into the undisturbed interstellar medium [1]. This
physical scenario is similar to the ICME shock in helio-
sphere. The transient disturbances could give rise to tur-
bulent and dynamic conditions leads to magnetic islands
formation. Moreover, the interactions of these magnetic
structures through magnetic reconnection induce merg-
ing and contraction of islands, ultimately contributes to
the charge particle (cosmic ray) acceleration.
In summary, we conclude that the cosmic rays accel-
eration by Fermi mechanism is valid not only through
stochastic reflections of particles from the shock bound-
aries but also through merging and/or contraction of
magnetic islands via magnetic reconnection. This may
provide some insight into the origin of ultra-high energy
cosmic rays. The ultra-high energy cosmic rays may not
be one-step process but a multi-step one. The region re-
sponsible for final acceleration may be thought of as the
origin of these ultra-high energy cosmic rays. .
5FIG. 5: The updated schematic diagram (artistic illustration) of ICME in interplanetary space.
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